This research work undertook a comparative study of the promoting effects of graphene in TiO 2 photoanodes. The aim of this work was to investigate the effects of the types and concentration of reduced graphene oxides (rGO) on structure properties and the photovoltaic performance of TiO 2 based electrodes. Graphene oxide (GO) was prepared by using modified Hammer's method. Next, GO was reduced by using two different approaches, which were the chemical reduction with vitamin C and thermal reduction. The latter approach was also carried out in situ during the fabrication and heat treatment processes of the dye-sensitized solar cells (DSSCs). From the results, it was found that the photovoltaic performance of the DSSCs containing the GO/TiO 2 electrode, in which the GO phase experienced an in situ thermal reduction, was superior to those containing rGO/TiO 2 . It was also found that the power conversion efficiency of the DSSCs changed with the concentration of graphene in a nonlinear fashion. The optimum concentrations of graphene, corresponding to the highest PCE values of the GO/TiO 2 based DSSC (3.69%) and that of the rGO/TiO 2 based cell (2.90%), were 0.01 wt% and 0.03 wt%, respectively.
Introduction
The development of materials for the new generation of solar cells has been an interesting subject that has gained more and more interest over the past decade. This is attributed to several advantages of immerging photovoltaic devices, including the relatively low cost and simple fabrication process and the possibility of enlarging the production scale by using existing industrial technologies, such as printing. Besides, the photovoltaic performance of this new generation of solar cells is also interesting. At the present time, the power conversion efficiency values of the best research organic photovoltaic cell (OPV), dye-sensitized solar cell (DSSC), and the perovskite solar cell (PSC), certified by the NREL, are 11.5%, 11.9%, and 22.1%, respectively [1] . However, further developments have yet to be carried out before these devices can be massproduced and used commercially. These include three main research issues which are (1) the improvement of stability and lifetime of the solar cell, (2) the development of alternative materials which are less toxic and of lower cost, and (3) the enhancement of their cell efficiency, taking into account the fact that the enlargement of the cell size and its active area is usually achieved at the expense of cell efficiency. To achieve the above goals, several approaches have been used, including the development of better materials and the designs of new solar cell configuration and architecture.
Nanocrystalline titanium dioxide film (TiO 2 ) coated on a transparent conductive oxide glass has been widely used 2
Journal of Nanomaterials as a photoanode in many types of the new generation solar cells, including DSSC and PSC. In this context, the transportation of the photogenerated electrons across the TiO 2 nanoparticles network is considered to be one important factor determining the performance of the solar cell. Without efficient charge transport, electron-hole recombination can occur, and that can lead to a relatively low efficiency of the cells. To enhance the electron transport of a DSSC photoelectrode, TiO 2 might be treated with some chemicals such as nitrogen, Sn, Cu, Zr, CNT, and graphene. For example, Ding et al. [2] prepared reduced graphene oxide (rGO) by treating graphene oxide (GO) with a reducing agent prior to mixing with TiO 2 of various weight compositions (0.25-1.25 wt% of rGO). The rGO/TiO 2 composite was then applied as a photoanode for the DSSC and the photovoltaic performance was studied. It was found that the power conversion efficiency of the DSSC changed with the concentration of rGO in a nonlinear fashion. Specifically, the PCE values initially increased with the concentration of rGO to the maximum and then decreased again with a further increase of rGO. The greatest PCE value (7.89%) was obtained when 0.75 wt% of rGO was added to the TiO 2 . Alternatively, Tang et al. [3] incorporated rGO into TiO 2 via molecular grafting. In that experiment, by properly controlling the oxidation time during the chemical exfoliation process, the hydroxyl groups on the surface of the graphene sheet were optimized, and a strong interaction between rGO and TiO 2 was induced, through the chemisorption. As a result, the PCE values of the DSSCs increased by more than five times compared to that of the cell containing the bare TiO 2 electrode. Recently, a rGO/TiO 2 electrode was also applied to a perovskite solar cell (PSC). For example, work by Han et al. [4] demonstrated that the solar cell based on rGO/TiO 2 nanocomposite electrode had higher sc , fill factor, and oc values than those of the devices based on the bare TiO 2 electrode. By properly controlling the film thickness and dispersion of rGO, the maximum PCE value of the PSC (14.5%) was obtained when 0.4 vol% of rGO was added to the TiO 2 . This accounted for approximately an 18% increase, as compared to that of the normal PSC based on a bare TiO 2 electrode (11.5%).
Practically, graphene, in a form of colloidal suspension, can be prepared via exfoliation of graphene oxide (GO) followed by a chemical reduction. Reducing agents that can be used for the chemical reduction of GO include hydrazine, dimethyl hydrazine, hydroquinone, and NaBH 4 [5] . Particularly, hydrazine is widely used for reduction of GO because of its high efficiency as compared to that of other chemicals. However, the obtained graphene is unstable in water. It can be aggregated owing to the strong van der Waals force between molecules. To further enhance stability and dispersion of graphene in aqueous media, Swain and Bahadur [6] added two cross-linking polymers, polyvinylpyrrolidone (PVP) and poly(vinyl alcohol) (PVA), to the hydrazine based reduction process. However, most of the abovementioned reducing agents are known to be toxic and some of them can be explosive. In this regard, attempts have been made to explore the use of some alternative reducing agents to prepare graphene. For example, Fernández-Merino et al. [7] and Zhang et al. [8] reported the use of L-ascorbic acid (vitamin C) as a reducing agent for preparing GO at room temperature. The results claimed that the average electrical conductivity values of the rGO prepared by vitamin C are comparable to those obtained by using hydrazine.
Alternatively, GO can be reduced via other processes such as photoreduction [9, 10] , electrochemical reduction [11] , and thermal treatment at temperatures ranging between 100 and 150 ∘ C [12] . In this study, a reduction of GO via the thermal treatment is of interest because this approach could be suitable with the DSSC application, taking into account the fact that the TiO 2 coated FTO usually underwent heat treatment (or annealing) during the fabrication process in order to get rid of some organic residual. In relation to this study, it can be expected that the GO phase in the GO/TiO 2 composites could be in situ reduced during annealing. This means that the GO might be applied to the solar cell system without undertaking a prereduction step. In fact, better photovoltaic performance of the thermally reduced GO/TiO 2 photoelectrode has been demonstrated by several researchers. For example, Wang et al. [13] found that the optimum content of GO was 0.83 wt%. This contributes to the increase in PCE of the DSSC from 1.79% to 2.78%. Kusumawati et al. [14] reported that the power conversion efficiency of the DSSC increased from 5.78% to 7.49% when 1.2 wt% of GO was added to the TiO 2 photoelectrode. Cheng and Stadler [15] modified TiO 2 with GO and found that the power conversion efficiency of DSSC containing 1.6 wt% of GO in the composite electrode (GO/TiO 2 ) was 7.68%, which is much greater than that which employed the bare TiO 2 electrode (4.78%). Chou et al. [16] reported that when about 1.5 mL of GO solution was mixed with TiO 2 , the optimum PCE value (5.26%) of the DSSC containing the composite electrode was obtained.
From the above literature, it is evident that graphene is an effective and interesting chemical that can be used to modify TiO 2 to enhance the photovoltaic performance of the electrode in dye-sensitized solar cells. However, there has been no report on a comparative study of photovoltaic performance graphene/TiO 2 photoelectrodes, in which the reduced graphene oxide was prepared by using a different approach. It was believed that the optimum concentration of graphene for promoting TiO 2 was dependent on the systems and had yet to be optimized. In this study, the graphene/TiO 2 electrodes made from two different approaches were studied. These are (1) the system made by mixing GO with TiO 2 followed by an in situ thermal treatment (GO/TiO 2 ) and (2) the system prepared via prereduction of graphene oxide with vitamin C, followed by mixing it with titanium dioxide (rGO/TiO 2 . More details concerning the preparation techniques can be found in the experimental part of this paper. The primary aim of this work is to investigate the effects of the type and concentration of graphene on structure properties and the photovoltaic performance of the TiO 2 based electrode. Attempts were also made to characterize the various materials and DSSCs, in terms of light absorption, percentage dye loading, and the interfacial electrical properties, in order to elucidate some possible mechanisms behind the promoting effect of graphene. 
Synthesis of the Reduced Graphene
Oxides. Graphene oxide (GO) was firstly prepared by using the modified Hummer method [17, 18] . Graphite powder (2.0 g) was mixed with 1.5 g of sodium nitrate and 46 mL of conc. sulfuric acid (H 2 SO 4 , 98%, aqueous) and stirred in an ice bath. Next, 6 g of potassium permanganate (KMnO 4 ) was gradually added, dropwise, to the content in the reaction flask at 20 ∘ C. The mixture was stirred for a further 3 h. Noteworthy is that the reaction between KMnO 4 and the graphite solution is exothermic and thus attempts were made to maintain the temperature below the ambient temperature (35 ∘ C). Next, 100 mL of deionized water was added to the mixture, followed by adding 10 mL of hydrogen peroxide (30% solution). During the addition of H 2 O 2 , change in color of the content in the reaction flask toward yellowish and eventually brown can be observed. This indicates that the residual permanganate and manganese dioxide were reduced [19] . After that, the product was washed with an aqueous solution of hydrochloric acid (2 M of 10% HCl) and the precipitate was further washed with deionized water until reaching neutral pH (pH = 7.0). Finally, the product was dried in an oven at 60 ∘ C until reaching a constant weight.
To reduce GO via a chemical treatment process, 0.3 g of the synthesized GO was dissolved in 100 mL of deionized water and then sonicated for 30 min. After that, 100 mg of ascorbic acid (vitamin C) was added to the solution and the mixture was sonicated for a further 2 h. The content in the reaction flask was filtrated and washed with distilled water several times to remove the remaining VC and residues. Finally, the filtrate was dried in an oven at 60 ∘ C for 12 h.
Preparation of Graphene Oxides/TiO 2 Composites (GO/TiO 2 and rGO/TiO 2 ).
A given amount of the synthesized GO powder (varying from 0.2 to 0.6, 1.0, 2.0, and 3.0 mg) was dissolved in 100 mL of deionized water and sonicated for 30 min. Next, 2 g of a commercial nanocrystalline TiO 2 powder (P25, Degussa) was added to the GO dispersion and then sonicated for a further 1 h. The content in the reaction flask was filtrated and then washed with deionized water several times. Finally, the filtrate was dried in an oven at 60 ∘ C for 12 h. As a result, GO/TiO 2 nanocomposites with different concentrations of GO (0.01, 0.03, 0.05, 0.10, and 0.15 wt%) were prepared. In this study, the sample codes for the products were designated as TiO 2 @GO-01, TiO 2 @GO-03, TiO 2 @GO-05, TiO 2 @GO-10, and TiO 2 @GO-15, respectively. For the preparation of reduced graphene oxide/TiO 2 nanocomposites, the synthesized rGO was used as a replacement of GO and similar steps were followed. In this case, the sample codes for TiO 2 electrodes containing different concentrations of rGO (0.01, 0.03, 0.05, 0.10, and 0.15 wt%) were designated as TiO 2 @rGO-01, TiO 2 @rGO-03, TiO 2 @rGO-05, TiO 2 @rGO-10, and TiO 2 @rGO-15, respectively.
Preparation of the Electrodes.
To prepare the TiO 2 based photoanode, fluorine-doped tin oxide (FTO) glass was cut into 25 × 25 (mm 2 ) square pieces. The FTO glass substrates were then treated with a hydrochloric acid solution (HCl, 0.2 M) in an ultrasonic bath for 15 min, followed by washing it with deionized water under the sonication process for 10 min, twice. After that, the substrates were cleaned with isopropyl alcohol and then dried by purging with nitrogen gas. In this study, to minimize some electron-hole recombinations at the interfacial zone between electrolyte and FTO layer, an electron transport layer (ETL) made from a thin film of TiO was applied into the cell configuration. The TiO solgel was firstly prepared by dissolving 0.1 M of titanium(IV) isopropoxide (TTIP) in isopropanol (IPA). Next, the TiO film coated onto the FTO glass was prepared by applying 10 L of the TiO sol-gel onto the FTO glass substrate via a rapid convection deposition technique, at a deposition rate of 2 mm/s. The TiO coated FTO was then annealed at 500 ∘ C for 1 h. Next, different types of graphene oxides/TiO 2 nanocomposites were applied onto the ETL coated FTO glass. 10 L of titanium tetraisopropoxide (TTIP) and 0.5 mL of ethanol were added to 0.20 g of the synthesized GO/TiO 2 (or rGO/TiO 2 ) powders, using a sonication process. The composite paste (GO/TiO 2 paste and/or rGO/TiO 2 paste) was then applied onto the ETL coated FTO glass by using a doctor blade technique. Specifically, a microscope slide (90 ∘ ground edges, Marienfeld Superior, from Paul Marienfeld GmbH & Co. KG, Germany) was used as a blade. The rGO/TiO 2 paste was placed and spread on the FTO substrate by manually moving the blade forward at the angle of 45 ∘ with respect to the FTO substrate. This process was repeated 8 times until a uniform thin sheet of the material was formed. Then, the prepared electrode was annealed at 450 ∘ C for 30 min, in order to get rid of some residual organic compounds originated from the graphene/TiO 2 paste and TiO precursor. At this stage, it is worth mentioning in the case of GO/TiO 2 electrode that it was expected that the GO phase in the composite layer would also be thermally reduced to graphene, leading to the formation of graphene/TiO 2 based photoelectrode. Finally, platinum coated FTO, used as a counter electrode, was prepared by coating Pt paste onto the FTO glass substrate via a doctor blade technique. The Pt coated FTO glass was then annealed at 500 ∘ C for 1 h.
Fabrication of the Dye-Sensitized Solar Cells (DSSCs).
To commence the fabrication process of the DSSCs, the prepared photoanode had to be sensitized firstly by immersing it in a staining jar, containing a solution of the dye (N719 in a cosolvent, 5 mL of anhydrous acetonitrile, and 5 mL of tertbutanol) at 80 ∘ C for 15 min. The staining jar was then kept in the dark for a further 18 h. After that, the dye absorbed photoanode was rinsed with anhydrous acetonitrile, followed by purging with nitrogen gas, and then dried in an oven at 80 ∘ C for 15 min. In this regard, the amount of dye loading in the photoelectrode was determined by using UV spectrophotometry, in combination with the Bear and Lambert equation, after complete dye desorption in a 0.1 mol⋅L
NaOH solution.
The prepared dye-sensitized photoanode was than assembled with Pt coated FTO counter electrode into a sandwich type cell, using a precut (4 × 3 cm 2 rectangular) sealing film (ethylene-acrylic acid copolymer, Surlyn from DuPont) as a frame. The cell was then sealed by applying a heat gun. Next, the electrolyte solution (HI-30 from Solaronix) was injected into the cells through a hole drilled in the counter electrode. Finally, the holes were plugged with the Kapton tape in order to avoid some leakage and evaporation of the liquid inside the cells.
Testing on Power Conversion Efficiency of the DSSCs.
Current density-voltage ( -) characteristics of the various cells were measured by using the Keithley 2400 source meter under 1.5 AM. The light source was generated by a solar simulator (Newport 91150 V model, 1000 W, xenon lamp), equipped with a 1.5 G air mass filter. The active area of the DSSC was 0.4 × 1.0 cm 2 .
2.7.
Characterizations. Functional groups in the chemical structures of synthesized graphene were monitored by using a Fourier transform infrared spectrometer (Thermo Nicolet 6700) in a transparent mode. The sample was prepared by using a KBr technique and the spectra were scanned over the wavenumber ranging between 500 and 4000 cm −1 . Reduction of GO was also followed up by a Raman technique, using the Raman spectrometer (NTEGRA Spectra, NT-MDT) equipped with a 532 nm laser.
Morphologies of graphene and graphene/TiO 2 composites were examined by using a scanning electron microscope (Nova NanoSEM 450, FEITM) equipped with secondary electron and EXD detectors. Crystal structures of the various materials including TiO 2 , graphene based materials (GO, rGO), and the TiO 2 /graphene composites were determined by using an X-ray diffraction (XRD) technique, using an Xray diffractometer (PANalytical, X'Pert PRO) with Cu K radiation ( = 0.15406 nm). The diffractometer was operated at 30 kV and 40 mA and the sample was scanned over a 2 range of 0-80 ∘ . In addition, average crystal sizes of the TiO 2 phase in various composites were determined from XRD line-broadening of the TiO 2 (101) diffraction peals, using the Scherrer equation as follows:
where Δ(2 ) is line-broadening at half the maximum intensity of the (101) peak of anatase, is the coefficient (0.89), is the diffraction angle, and is the X-ray wavelength of Cu K radiation (0.15405 nm).
The reflectance spectra of TiO 2 and various graphene/ TiO 2 composites, over the wavelength range between 200 and 800 nm, were measured using a UV-Vis-NIR spectrophotometer (Cary 5000, Agilent Technologies). From the reflectance value, the bandgap energy values of TiO 2 and graphene/TiO 2 composites were determined by using Kubelka-Munk's equation (2) and Planck's equation (3):
where ( ) is the Kubelka-Munk fraction and is reflectance.
where is the bandgap energy (eV), ℎ is Planck's constant (J/s), is the speed of light (m/s), and is the cut-off wavelength (nm).
Electrochemical impedance analysis (EIS) of the various DSSCs was carried out in the dark at 0.75 V applied bias, using an impedance analyzer (Autolab-PGSTAT 302N). The impedance curves were recorded as Nyquist plots at 10 points per decade by superimposing 10 mV of AC signal onto the cell under potentiostatic mode with the frequency sweep from 1 MHz to 0.5 Hz. Figure 1 shows the FTIR spectra of graphite, graphene oxide, and the reduced graphene oxides. The absorption peak at 1635 cm −1 in the spectrum of the neat graphite, representing the carboncarbon double bonds (C=C), can be observed. After treating the graphite via the modified Hummer method, new peaks of 1050 and 1720 cm −1 emerged. These peaks can be ascribed to the presence of C-O and C=O bonds, respectively. The above change was accompanied by a stronger intensity of the absorption band at 3400 cm −1 , which represents the hydroxyl groups. These spectral changes indicate the presence of carbonyl, ether, and hydroxyl groups in the chemical structure of the treated graphite, implying that graphene oxide has been produced. After treating the graphene oxide with vitamin C, the intensity of OH band (3400 cm −1 ) and C=O (1720 cm −1 ) and C-O (1050 cm −1 ) peaks decreased. The above spectral changes suggest that the graphene oxide was reduced.
Results and Discussion

Characterizations of the Synthesized Graphene.
The reduction of graphene oxide by vitamin C was also confirmed by considering the Raman spectra of graphene oxide (GO) both before and after treating it with vitamin C (Figure 2) . Here, the characteristic D band and G band, representing sp 3 hybridization and sp 2 hybridization of the graphene oxides (both before and after reduction), can be observed at 1344-1364 cm −1 and 1573-1603 cm −1 , respectively. Consideration of the D/G band intensity ratios (designated as D / G in Table 1 ) reveals that the D / G value increased after the reduction of GO. A similar effect was observed by Chen and Yan [12] . This change can be attributed to the decrease in the average size of the in-plane sp 2 domains, through the reduction process of GO. After heat treatment, the Raman spectra of both GO and rGO still exist. The D / G value of GO increased after the heat treatment. It was apparent that the hybridization of GO had been transformed during the heat treatment process. The above effect was not the case for heat treated rGO. The formation of reduced graphene oxide, via either chemical reaction with vitamin C or thermal reduction, can also be followed up by considering the XRD patterns of various graphene based materials (Figure 3) . After experiencing the chemical reduction, the characteristic peaks at 2 = 10. representing graphene oxide, shifted to 2 = 26.33 ∘ and 53.45 ∘ . The positions of these peaks correspond to those of the neat graphite. Similarly, after the heat treatment process, the XRD pattern of graphene oxide significantly changed. The intensity of the peak at 2 = 10.1 ∘ decreased whereas a new peak at 26.31 ∘ emerged. Again, the positions of these peaks are close to those of the neat graphite and the reduced graphene oxide, respectively. These indicate that the graphene oxide was partly reduced through the heat treatment process. Figure 4 shows the SEM images of graphene oxide and reduced graphene oxide. The presence of two-dimensional wrinkled sheets measuring the length of several micrometers can be noted from the SEM images of both GO and rGO. After the heat treatment, the characteristic wrinkled sheets of GO were still retained. This was also the case for rGO that experienced the same heat treatment process. Attempts were also made to characterize GO and rGO specimens by using an EDX technique. From the quantitative analysis, the amounts of oxygen (O) and carbon (C) elements were determined and are summarized in Table 1 . The percentage mass of the oxygen atom significantly decreased from 47.44% to 28.95% after treating the GO with the reducing agent (vitamin C). This can be considered as indirect evidence supporting the formation of rGO. Based on the above results from FTIR, Raman spectra, XRD, SEM, and EDX, it can be concluded that the GO and rGO were successfully prepared.
Effects of GO and rGO on Structures and Properties of
TiO 2 . Figure 5 shows the overlaid XRD patterns of TiO 2 and various graphene/TiO 2 composites. The diffraction peaks representing anatase and rutile phases TiO 2 can be assigned in accordance with JCPDS cards numbers 21-1272 and 21-1276. After mixing TiO 2 with graphene, the characteristic peaks of TiO 2 still exist. Attempts were also made to determine the average crystal size of TiO 2 by using the Scherrer equation. The results, illustrated in Table 2 , show that the crystal size of TiO 2 did not change significantly with the presence of either GO or rGO. It seems that the characteristic peaks of GO and rGO were obscured by those of TiO 2 , which is the majority of the composite materials. In this regard, a change in XRD patterns of graphene/TiO 2 upon heat treatment should not be expected.
Consideration of SEM images of the composites (Figure 6 ) reveals that the porous structure consisting of interconnected particulate structure of the titania was retained. The above results indicate that the presence of graphene (either GO or rGO) did not affect the morphology and microstructure of the titania. Again, this can be ascribed to the fact that the amount of GO and rGO used for modifying TiO 2 was relatively low compared to that of the neat titania. Figure 7 shows the cross-sectional SEM image of the TiO 2 based photoelectrode. The porous structure of the mesoscopic layer, made from GO/TiO 2 , can be observed. This layer was perfectly laid on top of the TiO coated FTO. 300 nm, and 600 nm, respectively. These ranges were found to be reasonable and in agreement with that which was reported in related references [20, 21] . Figure 8 shows typical UV-Vis spectra of the various solid graphene/TiO 2 composites. As a result, the bandgap energy values of various samples were determined and are summarized in Table 2 . The calculated bandgap energy of the neat TiO 2 was 3.03 eV, which is similar to that which has been reported in the literature [22] . After applying GO to TiO 2 , the bandgap energy values of the composites only slightly decreased to the range of 2.97-2.99 eV. The values did not change significantly with the concentration of GO, probably due to the fact that the amount of GO used for modifying TiO 2 was marginal. Therefore, the interaction between TiO 2 and GO was not different, regardless of the GO concentration. A similar effect was observed when rGO was applied to TiO 2 . In this latter case, the bandgap energy values of rGO/TiO 2 ranged between 2.95 and 3.02 eV. Figure 9 shows XPS spectra of various graphene and graphene/TiO 2 composite materials. After deconvolution, 5 different peaks can be designated. These are those representing sp 2 of C=C/C-C (of the basal plane) at 284.97 eV, C-OH (of the hydroxyl group) at 285.88 eV, C-O-C (of the epoxide group) at 286.86 eV, >C=O (of the carbonyl group) at 287.84 eV, and C(O)OH (of the carboxyl group) at 288.94 eV. From the above results, it can be seen that intensity of the peaks representing the carbonyl and the epoxide groups decreased after thermal reduction. Intensity of the peaks representing carbon-carbon bonds in the annealed GO (Figure 9(b) ) is also greater than those of the annealed rGO (Figure 9(d) ). This suggests that electrical properties of the former should be better than of the latter. The above results also imply that the thermal reduction method is more effective than the chemical reduction approach, taking into account the relative intensity of the C-C peaks from the two systems. For the composite materials, it is also noteworthy that the intensity of the peaks relating to the carboxylic group of Ti@rGO-01 (Figure 9 (e)) increased after annealing. This suggests that TiO 2 might induce the oxidation of rGO phase in the composite during heat treatment.
By using the above bandgap energy values in combination with the energy levels of each electrode system, which was determined from the XPS technique, the energy band diagrams of the DSSCs can be evaluated and are illustrated in Figure 10 . The diagram mentioned in Figure 10 reveals that the valence band (VB), the conduction band (CB), and the bandgap energy values of Ti@GO are 2.33, −0.65, and 2.98 eV, respectively. The energy levels of CB and VB of the composite electrode also lied between those of the adjacent layers (the FTO and the adsorbed dye), implying the efficient transportation of electrons and holes in the system.
In terms of light harvesting properties, considerations of the UV-visible spectra of various materials in the liquid suspension state (Figure 11 ) revealed that the neat GO is also capable of absorbing light in a wide wavelength, ranging from 200 nm to 600 nm. Notably, this absorption range is also overlapping with the light absorption of the dye. The intensity from the absorption peaks of graphene/TiO 2 composites is also greater than that of the neat TiO 2 . The absorption intensity of TiO 2 initially increased with the concentration of GO, to the maximum value at 0.10 wt% GO loading. At a higher concentration of GO (0.15 wt%), however, the intensity dropped again. This was probably due to some agglomeration of the graphene oxide. Similarly, rGO was capable of absorbing light in a wavelength ranging from 210 to 350 nm. The absorbance of rGO/TiO 2 composites was also greater than that of the neat TiO 2 . The absorbance of rGO/TiO 2 composites seems to be slightly inferior to those of the GO/TiO 2 system. Nevertheless, the above results imply that the absorbance of the dye, which is the actual light harvester for the DSSC system, could be interfered with or suppressed by the graphene/TiO 2 electrode. The above phenomenon might affect the power conversion efficiency of the cells. Figure 12 shows typical -curves of the various DSSCs, resulting in photovoltaic parameters that are determined and summarized in Table 3 . It can be seen that the oc values of the cells hardly changed with the concentration of GO used for modifying the TiO 2 photoelectrode. This suggests that the addition of graphene did not affect the Fermi level of TiO 2 [1, 13, 14] . However, the short-circuit current density ( sc ) and the power conversion efficiency (PCE) values of the GO/TiO 2 based cells are greater than those of the normal cell (without graphene). The PCE value of the cell initially increased when 0.01 wt% of GO was applied to the TiO 2 electrode. After that, the PCE value of the cells decreased again with the increase of the concentration of GO in the composite electrode. In our opinion, it seems that the effects of GO on the photovoltaic performance of the DSSC based on the TiO 2 electrode were not straightforward, depending on the concentration of the graphene oxide. In fact, a similar trend was noted by Kusumawati et al. [14] and Wang et al. [13] whereby the relationship between the concentration of graphene and PCE and sc of the cell was nonlinear and exhibited a kind of volcano shape. In this regard, it was believed that the presence of GO in the DSSC system not only affected the performance of the TiO 2 electrode, but also influenced the performance of other components in the cell. It was also possible that these effects were competing. Generally, the promoting effects of reduced graphene oxides on the DSSC performance of TiO 2 have been attributed to several mechanisms. These include (i) the increase of dye loading due to the higher surface area of the graphene modified photoelectrode and (ii) the decrease of electronhole recombination due to the enhancement of electron transfer from TiO 2 to the photoelectrode. For example, work by Wang et al. [13] showed that the percentage of the dye loading of graphene/TiO 2 electrodes did not change with the GO content, and the promoting effect of GO on the DSSC performance of TiO 2 was attributed to the greater electron transfer. On the other hand, Kusumawati et al. [14] reported that, by using GO/TiO 2 as a replacement of TiO 2 , the charge transfer of the system did not change, regardless of the GO content. In that case, the better performance of the DSSC based on the GO/TiO 2 electrode resulted in a higher amount of dye loading in the cell.
Photovoltaic Performance of the GO/TiO 2 Based DSSCs.
Journal of Nanomaterials In this study, we found that the percentage of dye loading of the TiO 2 based electrodes did not increase after applying GO into the TiO 2 electrode (Figure 13) . Therefore, the greater PCE of the cells containing graphene could be attributed to some other factors. Figures 14 and 15 show EIS spectra and Bode imaginary plots of various DSSCs. In addition, the equivalent circuit, representing the cell reaction under the backward condition, was also illustrated. Generally, the term 1 refers to ohmic series resistance, describing the contact between FTO/TiO 2 interfaces. The parameter 2 denotes charge diffusion impedance of the electron in TiO 2 electrode whereas 2 refers to charge recombination resistance ( rct ) of the TiO 2 based electrode. In this study, it was found that 1 did not change with the type and concentration of the graphene used. However, rct value of the cells increased after applying GO into the TiO 2 electrode. Lifetime of the electron ( ) in the GO/TiO 2 based DSSCs was also longer than that of the normal DSSC based on the neat TiO 2 electrode. The above results suggest that the electron-hole recombination in the system could be suppressed and that contributed to the greater efficiency of the DSSCs. In addition, a consideration of the energy band diagrams (Figure 10 ) of the graphene/TiO 2 based DSSCs suggested that transportation of electron and hole from the excited dye toward the corresponding electrode could be facilitated with the presence of the graphene/TiO 2 electrode. The above effect could be related to the better PCE of the cell.
It is noteworthy, as mentioned above, that the relationship between GO content and the PCE values of the cells was nonlinear. The efficiency values decreased as the concentration of GO was further increased above 0.01 wt%. In our opinion, this could be related to other effects, including the lower light harvesting property of the dye, which was suppressed by the absorption of light by GO in a similar wavelength range (200-800 nm) (Figure 11) . Consequently, the number of photogenerated electrons was reduced and that contributed to the decrease in PCE values of the DSSCs at the high concentration of GO. This effect is similar to that which was observed by Wang et al. [13] .
Photovoltaic Performance of the rGO/TiO 2 Based DSSCs.
When rGO was used as a replacement of GO in the composites electrode, a similar trend was observed, except that the optimum concentration of rGO yielding the highest PCE value of DSSC had shifted to 0.03 wt%. Beyond this concentration, the PCE values of the system decreased again. The relationship between rGO content and various parameters, such as sc , rec , and , also followed that same trend. By applying more than 0.03 wt% of rGO, the oc value significantly dropped. This indicates that the Fermi level of the TiO 2 electrode was affected by the presence of rGO. In this case, this was probably because some electron-hole recombination at the interface between graphene and liquid electrolyte occurred and contributed to the lower oc values and the shift of the Fermi level of the rGO/TiO 2 composite electrode. It is also worth noting that the PCE values of many DSSCs based on rGO/TiO 2 electrodes were lower than those of the GO/TiO 2 based DSSCs, provided that the same concentration of graphene was used (0.01-0.05 wt%). In our opinion, the above discrepancy can be related to several factors, including the differences in light absorption properties and charge transportation of the two electrode systems. For example, the above results from EIS technique (Figures 14 and  15) show that charge recombination resistance and electron lifetime of the GO/TiO 2 based DSSCS are greater than those of the rGO/TiO 2 based cells. Raman spectra of the composite electrodes ( Figure 16 ) also showed that the characteristic D and G bands of the reduced graphene oxide in the composite (Ti@rGO-05) disappeared after the heat treatment process. This was not the case of the GO/TiO 2 composite (Ti@GO-05). It is apparent that the rGO phase in the TiO 2 /rGO composite was partially degraded during the heat treatment process. In our opinion, it was believed that the presence of TiO 2 in the composite had induced the degradation of the rGO via some possible mechanisms such as scission and oxidation of the graphene plane. This resulted in the formation of oxidized functional groups such as carboxylic acid on the edge [23] . The above notion was supported by the result from XPS technique in which the C 1s peak at 288.74 eV emerged (Figure 9 (e)). Last but not least, for comparative purposes, the best PCE values of DSSCs based on graphene/TiO 2 electrodes from this study and those reported in some additional literature are summarized in Table 4 . It is noteworthy that the PCE values of DSSCs obtained from this study are in a reasonable range, even though some discrepancies can be seen. In our opinion, these differences can be attributed to several factors including the graphene content, the actual thickness of each layer in the devices, and the active area of the cells. Nevertheless, overall, our results demonstrate that a small amount of graphene oxide (0.01-0.05 wt%), which was thermally reduced in situ during the fabrication process of DSSC, can be used to promote the photovoltaic performance of the TiO 2 electrode. In this regard, the photovoltaic performance of the graphene/TiO 2 electrodes in the perovskite solar cell also deserves consideration and in fact is an aspect included in our ongoing work.
Conclusions
(1) Two different types of graphene based materials were successfully prepared by using two different approaches:
(i) The reduced graphene oxide which was pretreated with a mild reducing agent (vitamin C) prior to use (the so-called rGO herein). (ii) The graphene oxide which could be thermally reduced in situ (the so-called GO) during the annealing step of the solar cell fabrication process.
(2) The prepared graphene was capable of harvesting light in the wavelength which overlapped with that of the dye. The light absorption intensity of the TiO 2 based composites also increased with the graphene concentration. These factors contributed to the lowering of the power conversion efficiency of the TiO 2 based DSSCs.
(3) The relationships between the concentration of (r)GO in the graphene/TiO 2 based photoanodes and the power conversion efficiency (PCE) of the DSSCs Figure 16 : Raman spectra of graphene/TiO 2 composites both before and after heat treatment.
were nonlinear. The PCE initially increased in the presence of 0.01 wt% of GO. As the GO was further increased, the PCE value decreased. Similar effects were observed when rGO was used as a dopant.
(4) Regardless of the graphene types, the promoting effect of graphene on the photovoltaic performance of TiO 2 was related to the greater resistance to electron-hole recombination and a longer electron lifetime. On the other hand, the decreasing trends of PCE and sc values of DSSCs of high graphene (GO and/or rGO) content can be ascribed to the competing light harvesting efficiency between the dye and the graphene.
(5) In this study, the maximum power conversion efficiency value of DSSC (3.69%, FF = 63.98, oc = 0.68, and sc = 8.42) was obtained when only a small amount (0.01 wt%) of the thermally reduced GO was added to the TiO 2 based photoelectrode. This corresponded to an improvement of 73%, compared to that of the DSSC employing the bare TiO 2 electrode (2.13%, FF = 65.07, oc = 0.68, and sc = 4.75).
